The second conserved domain shared by GHL family in the subunit occur first upon ATP binding, and submembers, referred to as the "transducer" domain, is sequently upon release of hydrolyzed P i . Together, peripherally involved in nucleotide binding. One segthese data provide a structural framework for underment from the transducer domain, termed the "switch standing the role of ATP hydrolysis in the type II topo- 
The role of ATP binding in triggering GHKL domain ferred to as topoVI-B#) (Corbett and Berger, 2003). As with other GHL proteins, topoVI-B# is monomeric when dimerization is well understood in type II topos. In contrast, the consequences of ATP hydrolysis are much not bound to nucleotide and forms a dimer upon binding AMP-PNP. In this study, we have expanded on more enigmatic. A nonhydrolyzable ATP analog, AMP-PNP, can be used to catalyze one round of strand pasthese findings by determining structures of topoVI-B# complexed with ADP·AlF 4 − , ADP·P i , and ADP. This sage before locking the enzyme in an unproductive state, indicating that hydrolysis is not strictly required study provides the most complete structural analysis to date of the ATP hydrolysis cycle of a GHL enzyme. for strand passage (Osheroff et al., 1983 ; Roca and Wang, 1992; Sugino et al., 1978) . However, the kinetics Our data fully delineate the chemical mechanism of ATP hydrolysis, and indicate that this event regulates, but of AMP-PNP-catalyzed strand passage are slower than the ATP-catalyzed reaction (Baird et al., 1999). In addidoes not directly power, structural changes in the GHL ATPase module. These findings also implicate the T tion, although type II topos are two-fold symmetric, only one ATP is hydrolyzed prior to strand passage, segment as a regulatory determinant of its own transport, and suggest that the coupling of substrate bindwhereas hydrolysis of the other does not occur until after the reaction has completed (Baird et al., 1999).
ing to ATP turnover may be a shared property in all GHL enzymes. Interestingly, phosphate release, as opposed to hydrolysis of the first ATP, appears to be the rate-limiting step in the reaction (Baird et al., 2001 
TopoVI-B Product Release States
the absence of a γ-phosphate, due to interactions with the transducer domain and the N-terminal strap of the In the restrained dimer state, the active site of topoVI-B# and other GHL ATPases completely sequesters a dimer mate (see Figure S1 ). Given that the topoVI-B# active site is sequestered bound nucleotide from solvent (Ban et al., 1999; Corbett and Berger, 2003; Wigley et al., 1991). As a result, from solvent in structures mimicking both the pre-and post-P i release states, a question arises as to the nafree P i is trapped within the active site after hydrolysis, and is thought to require a conformational change for ture of conformational changes that could allow P i release. To address this question, we studied a second release. Previous kinetic experiments with Saccharomyces cerevisiae topoII have pointed to P i release as a crystal morphology similar to that of our previous topoVI-B# apo crystals (Corbett and Berger, 2003) that key point in the mechanism of type II topos, coincident with the rate-limiting step of strand passage (Baird et grew readily in the presence of Mg 2+ ·ADP, and solved the structure to 2.1 Å resolution (R factor, 18.9%, free al., 2001). Because of the evident importance of this step, we sought to better understand the process of P i R factor, 22.8%). TopoVI-B# in this crystal form was monomeric, yet still bound to Mg 2+ ·ADP ( Figure 2E ). Alrelease by topoVI-B#. To accomplish this, we solved a 2.2 Å structure of topoVI-B# bound to Mg 2+ ·ADP (R though the base and sugar moieties of ADP are coordinated normally by the protein, the active site in this factor, 19.5%, free R factor, 23.1%). In this structure, the protein is in a dimeric state with a global architecstate does not appear competent for hydrolysis: the γ-phosphate binding elements of the active site, includture and active site structure almost exactly equivalent to our other nucleotide bound complexes (overall Cα ing the ATP lid and the switch loop containing Lys427, have moved significantly away from the positions seen rmsd between the Mg 2+ ·AMP-PNP and Mg 2+ ·ADP dimer complexes = 0.45 Å) ( Figures 2D and 3A) . The only in other nucleotide bound structures. As a result of this motion, the GHKL and transducer domains relax away significant difference we observe is that Glu38 and Lys427 hydrogen bond to each other in the absence from each other, adopting a relative orientation similar to that of the previously solved apo monomer structure of a γ-phosphate. Thus, even without a γ-phosphate to position Lys427 and the switch loop, the closed active (overall Cα rmsd between the apo and Mg 2+ ·ADP bound monomer structures = 0.49 Å) ( Figure 3A) . This site and the restrained GHKL/transducer domain arrangement can be preserved in the ADP bound state. structure shows how the active site is altered after separation of the GHKL domain dimer, indicating how ADP The conformation of the ATP lid is also maintained in These conformational changes sequester ATP from soderstanding how P i can diffuse out of the active site: following ATP hydrolysis, the transducer domain may lution and organize the active site for hydrolysis. Remarkably, topoVI-B# appears to maintain this restrained transiently uncouple from the GHKL domain and move into a relaxed state, opening the active site to solvent conformation throughout ATP hydrolysis (Figure 2 ). This finding is significant, because for ADP and P i to be rethrough a tunnel vacated by the switch loop and Lys427 (Figure 3) . leased, the active site must be reorganized and opened to solvent. Clues to this event arise from our two strucThe conformational change observed between the restrained and relaxed conformations is a rotation of tures of ADP-bound topoVI-B#. In one, the protein adopts a dimeric, restrained state that is essentially approximately 11°between the GHKL and transducer domains. This event is initiated by rotation of the switch identical to other nucleotide bound structures. In the other, the protein adopts a monomeric, relaxed conforloop, and is amplified through the transducer domain to move the C-terminal α helix by 15 Å. Detailed analymation in which the transducer domain has rotated away from the GHKL domain, opening the active site sis of the two states of topoVI-B# has allowed us to identify two residues in this protein, Gln103 in the GHKL for product release. Taken together with our dimerization assays, these data indicate that the interdomain domain, and Asn375 in the transducer domain, that link the two domains together by hydrogen bonds in both motions between the GHKL and transducer domains are restricted until the covalent β-γ phosphate linkage the monomer and dimer states, and appear to act as a pivot point for the interdomain rotation. Sequence is broken, and that ATP hydrolysis does not directly drive any changes in subunit conformation. Instead, hyanalysis of other GHKL enzymes show that Gln103 is not well conserved outside of topoVI, but that Asn375 drolysis appears to be a prerequisite for a conformational change, which is then presumably powered by is highly conserved throughout type II topos. ., 2003) , which may mean that the two domains can alternately plied by the T segment could force the γ-phosphate/ switch lysine interaction to break, allowing T segment engage and disengage each other in response to nucleotide state. It is intriguing to consider whether the passage and release. Once the T segment is expelled, the restrained state could then reform around AMPtransducer domains might play an active role in sensing the state of a bound client protein to modulate ATP hy-PNP, thereby preventing enzyme resetting. Overall, these concepts cast the transducer domain in a potendrolysis in these enzymes. tially new and important mechanistic role, both as a sensor for the productive association of a DNA subConclusions strate and as a mediator that links this binding event In summary, this work represents a complete structural with the hydrolysis of ATP to regulate the subsequent map for the nucleotide hydrolysis mechanism of topoVI. steps of strand passage in type II topos.
Our data show that ATP turnover does not directly power structural changes within the enzyme, but rather Implications for Other GHL ATPases controls the timing and order of conformational events Some aspects of these findings may also be applicable that lead to DNA cleavage and strand passage by actto other GHL enzymes. The machinery utilized for ATP ing as a prerequisite for a structural rearrangement. In binding and hydrolysis is well conserved between addition, the T segment may play a direct role in reguMutL, Hsp90, and type II topos. It is therefore possible lating or powering this motion. This work helps define that the mechanism and structural effects of ATP hythe GHKL and transducer domains as an ATPase moddrolysis and product release we observe for topoVI-B# ule capable of providing a ligand-responsive structural are maintained to some extent in these protein families switch in type II topos, a concept that may prove useful as well.
when one dimer in the asymmetric unit (Table S1 ). 
Several structures of MutL bound to various nucleo-

Nucleotide-Mediated topoVI-B´ Dimerization Assay
To study the dimerization state of topoVI-B´ in solution in the presence or absence of nucleotide, we developed a glutaraldehyde-mediated cross-linking assay. TopoVI-B´ was diluted to 2 mg/mL in a buffer containing 20 mM HEPES pH 7.5, 400 mM NaCl, and 10% glycerol with 1 mM nucleotide (ADP, ATP, or AMP-PNP). The protein was incubated at 65°C for 10 minutes, followed by a slow cooling to room temperature (1°C/min). We next diluted the sample 8-fold in buffer and added glutaraldehyde to 0.025%. After 20 minutes, we removed 10 µL aliquots, quenched the cross-linking reaction with 5 µL 2M glycine, added 10 µL 2X SDS-PAGE loading dye, and ran 15 µL of each sample on an 8% SDS-PAGE gel (Supplemental Figure S2A ).
Monomer and dimer bands were quantified using ImageJ (Rasband, W.S., US National Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij /, 1997-2005) , and the fraction of total protein present in the dimer band was calculated (Supplemental Figure S2B) . We observe that ADP and ATP are most effective at mediating dimerization in solution under these conditions, and that virtually no dimer is detected in the absence of nucleotide. Although some residual dimer species is detected in the absence of nucleotide, the band is diffuse and probably represents nonspecific background cross-linking.
